The light-gated ion-channel protein is expected to be able to improve the performance of ionchannel devices for the multi-point screening and neural network devices based on the planar patch clamp. However, no studies with light-gated ion channels on a planar patch clamp have been reported. We constructed an incubation type of planar patch clamp biosensor using silicon-on-insulator substrates with a 12 µm micropore in them. Channelrhodopsin 2-expressing C2C12 cells and channelrhodopsin/wide receiver-expressing HEK293 cells were seeded on the surface of the sensor chip and incubated to almost complete confluence. A laser beam (473 nm wavelength) was radiated on the cells adsorbing to the sensor chip's micropore and the light-gated channel currents of the voltage clamp and action potentials of the current clamp modes were observed. Good signal to noise ratios were obtained, although the seal resistance was not so large, 1030 M³. The observed pulse shape of the ion-channel currents also qualitatively resembled reported results measured with a pipette patch clamp. These results strongly suggest that the light-gated ion channel proteins are useful biomaterials for ionchannel devices.
Introduction
The recently developed light-gated ion-channels are actively investigated in the neuroscience field due to that they significantly improve the time and spatial resolutions in the both in vivo and in vitro neural network analysis.
110)
Other than these applications, it is also expected to make a performance test of the ionchannel devices easily. Moreover, it has no stringent requirement for mechanical stability. 6) Despite these significant potential benefits, there are as yet no reports on light-gated ion channel current and/or action potential measurements in the field of the biosensor.
The planar patch clamp method has several advantages over classical pipette patch clamp methods as a high-throughput recording system: It requires less equipment, it is insensitive to mechanical vibrations and is capable of making long-term measurements, and it is relatively easy to perform. Highthroughput screening devices based on planar patch clamps are already commercially available. 1120) Commercialized planer patch clamp devices, however, can not be used in a system that requires long incubation times. New functional analysis and/or screening devices could be realized by adding an incubation function to the planar patch clamp method, and these would especially useful in applications to in vitro systems of neurons and neural networks using dissociated cultured neurons; 2124) the planar patch clamp method enables simultaneous measurement of multi-point ion channel currents and advanced 2-D bio-imaging. We have developed an incubation type of planar patch clamp device and demonstrated its operation using TRPV1-expressing HEK293 cells and capsaicin as a ligand molecule. 18, 19) To investigate the usefulness of the light-gated ionchannels on the incubation type of planar patch clamp devices, we selected C2C12 and HEK293 (easily handled cultured cells) from our cell-keeping box, and expressed on them, respectively, channelrhodopsin 2 (ChR2) and the chimeric channelopsins between chop1 and chop2, 18) which we call channelrhodopsin/wide receiver (ChRWR). These cells were seeded on the chip of the incubation type planar patch clamp biosensor. 18, 19) After the cells became almost completely confluent, we observed the characteristics of the laser stimulated channel currents and the action potentials in the case of C2C12. The observed channel current pulse signals were similar in shape and signal to noise ratio to those observed in the pipette patch clamp method, although the seal resistance was much smaller than a giga-ohm. These results strongly suggest that the light-gated ion-channel proteins could significantly improve many applications of the incubation type planar patch clamp.
Materials and Methods

Fabrication of biosensor chip
Si on insulator (SOI) substrates were used to make the sensor chip. 18, 19) A thermal oxidation layer of about 1 µm thickness was formed on the substrate surface by the wet thermal oxidation at 900°C using a water-saturated O 2 flow, after which a large well on the reverse surface was made by diamond drilling. A pyramid-shaped hole that reached the buried SiO 2 layer was formed by etching in 8% (v/v) tetramethylammonium hydroxide (TMAH) at 90°C for about 40 min. A micro-pore with a diameter of 12 µm was made in the silicon membrane by focused ion beam (FIB) milling from the reverse side, as shown in Fig. 1(a) . The 7 © 7 mm 2 chip was sandwiched by PDMS plates, and the sensor structure was constructed as is shown in Fig. 1(b) . AgCl/Ag electrodes were placed in the bath (upper) and the pipette (lower) solutions, respectively ( Fig. 1(b) ).
Expression of ChR2 and ChRWR
ChRWR is the name given to the chimeric molecule ChR(ABCDEfg) in Ref. 4) , and its plasmid construction is reported in detail in that reference. HEK293 cells, which were a generous gift from Mr. Minoru Wakamori at Tohoku University, were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% fetal bovine serum and transfected using Effectene transfection reagent (Qiagen, Tokyo, Japan) according to the manufacturer's instructions. After cloning twice with the addition of G418 in a 10 cm dish, single colonies with bright Venus fluorescence were selected by using a cloning cylinder IWAKITE-32 (Asahi Glass Co., Ltd., Japan) and cultured in a medium containing G418 until they were confluent in the dish.
C2C12 myoblasts were obtained from the RIKEN Cell Bank (RCB0987) and maintained in Dulbecco's Modified Eagle's Medium (DMEM, SIGMA) supplemented with 10% Fetal Bovine Serum (FBS, Biological Industries Ltd.). A murine leukemia virus-based vector, SR¡-chop2-Venus, was constructed by replacing enhanced green fluorescent protein (EGFP) in SR¡LEGFP with channelrhodopsin 2 tagged with a modified yellow fluorescent protein, Venus, 25) and pseudovirions were prepared as described previously.
26) The titer of the virus stocks was 1.4 © 10 5 infectious particles per ml. To generate chop2-Venus expressing stable lines, C2C12 cells were transfected with the virions and cloned twice by using the limited dilution. Single-cell clones with bright Venus fluorescence were selected under conventional inverted-fluorescent microscopy.
Culture in biosensor
The surface of the sensor chip was coated with extracellular matrixes (ECMs), collagen type 1 and collagen type 4 for C2C12 and HEK293, respectively. These ECMs were selected in preliminary experiments. Rat tail collagen type 1 (BD) was dissolved in 0.02 N acetic acid (50 µg/ml) at room temperature. Collagen type 4 (BD) was diluted using 1 mM HCl to 100 µg/ml. In both cases, 50 µl of the solution was dropped on the substrate surface, followed by incubation for 24 h at room temperature. At this stage, the surface densities of the ECM were about 35 µg/cm 2 . After removing excess solution, the substrate was rinsed with sterilized water, dried under a gentle nitrogen stream, and kept sterile before use. Cells were cultured in dishes filled with the medium under the conventional incubating conditions, i.e., 37°C and 5% CO 2 . The culture medium was supplemented with DMEM to which 10% (v/v) FBS, 1% (v/v) GlutamaxTM (Gibco), and 0.5% (v/v) penicillin/ streptomycin (Gibco) were added. After cells were detached from the culture dishes, the cell suspension was seeded at a density of 1030 cells/mm 2 (C2C12) and 100300 cells/ mm 2 (HEK293) on the chip coated with ECM. Channel current was measured after about 70% confluence was reached in the biosensor (23 days and 47 days of culturing for C2C12 and HEK293, respectively).
Measurement of ion channel current
The electrical measurement systems were almost the same as those made in conventional pipette patch-clamp experiments. The culture medium was replaced with buffer. We used several of the buffer solutions reportedly used in experiments on ChR2. 13, 14) A typical bath solution in the upper chamber contained (in mM): 140 NaCl, 3 KCl, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2.5 CaCl 2 , 1.25 MgCl 2 , and 10 glucose at pH 7.4 (with HCl). The lower chamber solution (pipette solution) contained (in mM): 40 CsCl, 80 CsCH 3 SO 4 , 1 MgCl 2 , 10 HEPES, 2.5 MgATP, 0.2 Na 2 EGTA, (pH 7.4). All data were recorded using a patch-clamp amplifier (Axonpatch 200B) at room temperature. Data were obtained at a 2-kHz cutoff frequency and an output gain of 1 mV/pA, and they were analyzed using pClamp 9.2 software. For whole-cell current recordings, sub-nm conductive pores through the cell membrane, which electrically connected the inside of the cell to the lower chamber, were formed by applying nystatin (Sigma) solutions to the lower chamber.
19) The nystatin stock solution was prepared by dissolving nystatin in 1 ml of methanol and successively adding 45 µl of HCl (1 M) and 45 µl of NaOH (1 M), which was then diluted with the lower chamber solution to final concentrations of 100200 µg/ml before use. The formation of the whole-cell arrangement was confirmed by there being a capacitance increase of about 6 pF 510 min after addition of the nystatin solution to the lower chamber. 19) The laser beam from the semiconductor laser with a 473 nm peak wavelength and 3.2 mW maximum output power (Sumitomo Osaka Cement Co., Ltd.) was guided by optical fiber and focused with a micro lens with a 26.5 mm focusing length under the fluorescence microscope's objective lens (OLYMPUS) (Fig. 1(c) ). The diameter of the laser beam at the focusing point was 30100 µm.
Results and Discussion
C2C12 cells differentiate into myotubes by reducing the serum concentration of the media. 27 ,28) Since we did not supply additional serum during culture, it was considered that after becoming confluent the cells differentiated into myotubes forming a single cell sheet ( Fig. 2(a) ). The cell shapes observed in Fig. 2(a) are close to those of reported myobtubes.
29)
The laser-evoked channel current measurements were carried out after the cells became almost confluent on the sensor chip surface, as shown in Figs. 2(a) and 2(b) . The seal resistance and the capacitance of the cell/chip system are the basic physical parameters of the patch clamp method. The capacitance before the nystatin addition was typically 4090 pF. The seal resistance values after 45 days of incubation, a duration which results in almost complete confluence on the sensor chip, varied largely (Fig. 3) . The seal resistance increased by giving the negative pressure (³10 kPa) to the pipette solution side (lower chamber in Fig. 1 ). It is difficult to require the use of a giga ohm seal in the incubation type planar patch clamp with a leaky junction between the cell membrane and the sensor chip surface around the micropore, since extra cellular matrix proteins cause gaps tens of nm wide to form at the junction. We measured the channel current of the device in which the seal resistance was about 1030 M³ after performing suctioning at a 10 kPa negative pressure on the pipette solution side. The low seal resistance in the incubation-type planar patch clamp is not as much of a disadvantage when we consider the method's significant advantages such as easy multi-point measurements and simultaneous measurements of multipoint channel currents and two dimensional bio-imaging. Moreover, the importance of the loose patch clamp has already been established. 30) First, we examined the response to the laser irradiation of the biosensor without any cells on it. The Si chip did not give any response, but the AgCl/Ag electrodes showed significant responses to the laser light; the response seemed like a channel current, especially in the upper (bath solution) side AgCl/Ag electrode. However, it could be easily distinguished from the genuine signal by measuring the membrane bias dependence of the current wave form because the signal due to the irradiation of the electrode did not show any membrane bias dependence. We also carried out control experiments. No channel currents were observed for cells without channelrhodopsine expressions. Figures 4(a) and 4(b) show the dependence of the channel current wave forms on the membrane potentials when ChR2 expressing-C2C12 and ChRWR expressing-HEK293 cells were irradiated by a laser driven by rectangular pulses. The channel current wave forms in C2C12 showed a characteristic peak, which is often observed in ChR2, 3) with a rise time of ³8 ms and a plateau with a decay time ³11 ms. On the other hand, the channel current wave forms in ChRWR expressing-HEK293 were almost rectangular, with no significant desensitizations like in ChR2. These wave forms match those measured under LED irradiation by Wang et al. 4) The peak current almost linearly increases with increasing laser intensity. The unique peak and plateau wave form from ChR2-expressing C2C12 is considered to be due to the light-adapted or desensitized states of the molecule. 31, 32) In the case of ChR2-expressing C2C12, if the laser irradiates the cell on the micro pore after the sensor is placed in the dark for a sufficiently long time, the shape of the channel current wave form depends on the pulse intervals, as shown in Figs. 5(a) and 5(b). The peak current significantly decreases with decreasing pulse interval, whereas the plateau current remains almost constant regardless of the pulse interval ( Fig. 5(b) ). The recovery time constant of the peak component is about 10 s, which qualitatively resembles the reported experimental data on ChR2 expressing-PC12 cells. 3) For ChR2-expressing C2C12 cells, we also measured the dependence of the output membrane voltage on the irradiating laser power under the current clamp mode and observed the generation of the action potentials with a good signal to noise ratio (Fig. 6 ).
Conclusion
Incubation planar patch clamp biosensors were constructed on SOI substrate with a micropore of 1 to 2 µm diameter. ChR2-expressing C2C12 cells and ChRWR-expressing HEK293 were seeded on the surfaces of different sensor chips and incubated until they were almost completely confluent. By irradiating the cells on the micropore using a 473 nm laser beam, ion channel currents and action potentials (in the case of ChR2-expressing C2C12) generated by the voltage clamp and the current clamp modes, respectively, were observed with a good signal to noise ratio. The observed wave forms of the channel currents qualitatively resembled data measured with pipette patch clamps, although the seal resistance was not so high, 1030 M³. These results show the potential usefulness of light-gated ion-channels such as channelrhodopsins in incubation planar patch clamp devices. That is, these light-gated ion channels can significantly improve the performance of multi-channel screening devices and neural network devices that use the incubation type of planar patch clamp. 
